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Hydraulic jumpAbstract Weirs may be used to control the discharge, decrease the water slope in canals and to
distribute water between canals for irrigation, etc. The objective of this research was to investigate
the influence of using one opening or more in weirs on discharge coefficient (Cd), the hydraulic jump
characteristics and velocity distribution downstream of these structures.
This study is based on an experimental program. Three cases of openings arrangements were
included, one, two and three openings. Different diameters of openings (D) and different heights
from the bed (Z) were tested. The experiments showed that decreasing (D/Z) for weirs which have
the same openings numbers and diameters decreases the discharge coefficient (Cd) and the ratio
between the length of the submerged hydraulic jump (Lj) and the water tail depth (yt). Also, decreas-
ing (D/Z) leads to make the maximum velocity near the bed tends to be lifted upward. Moreover,
Comparing weirs with different openings numbers but have the same openings area leads to that,
weirs with one opening have a bigger (Cd) than weirs with two or three openings but the maximum
velocity near the bed of the weir with three openings is less than that with one opening. Also, the
hydraulic jump length downstream weir with three openings is less than that downstream weir with
one opening.
Finally, equations were developed to deduce the value of the coefficient of discharge for the com-
posite structure.
Production and hosting by Elsevier B.V. on behalf of Ain Shams University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Weirs are common engineering structures in irrigation systems
in Egypt. They may be used to control the discharge, decrease
the water slope in canals and to distribute water between
canals for irrigation, etc. Large quantities of water are needed
every day to fulfill the continuously increasing requirements
of mankind and the various projects such as, land reclamation
as well as many industrial projects, Valipour [1,2]. Thus,
the capacity of the existing weirs built on those canals
became insufficient to pass this increased high water demands.//dx.doi.
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Figure 1 Sketch of the experimental setup.
2 N.Y. Saad, E.M. FattouhTherefore, the solution is to replace the old structures by new
ones or to modify the existing ones. The modifications may be
fulfilled by widening or lowering weir crest, or by adding an
opening such as an orifice in the weir body which is the case
of Fayoum district weirs.
Great effort has been devoted to study the discharge char-
acteristics over different types of weirs such as Go¨g˘u¨s et al. [3],
Hager and Schwalt [4], Sargison and Percy [5], and Valipour
[6,7]. The characteristics of the combined flow over weirs
and below gates were studied by many researchers using differ-
ent geometrical combination and different flow conditions.
Among them are Alhamid [8], Ferro [9], Ansar [10], Negm
[11,12], Negm et al. [13], Samani [14].
Dehghani et al. [15] investigated the dimensions of scour
hole downstream of combined free flow over weir and below
gate experimentally.
Also, Sobeih et al. [16] investigated the dimensions of scour
hole downstream of the weir with openings.
Wolters et al. [17] made various experiments to calculate
the discharge for a system consisted of a specific weir and a
pipe. They suggested rating curves for all weirs they studied.
AbdelHalim et al. [18] calibrated experimentally the flow over
existing Fayoum weirs with orifices. A mean value for the coef-
ficient of discharge for the combined structure was found to be
0.623 which was very close to the theoretical values.
Elazizy [19] studied the hydraulic characteristics of a weir
combined with a slot. The weir was used with one slot builtSide view
Figure 2 Shapes of
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org/10.1016/j.asej.2016.05.007in the middle third of the weir body with two different slot
diameters. A general experimental equation relating the total
discharge with the relative head over the weir and the relative
circular slot diameter was developed.
Hassan et al. [20] carried out an experimental study to
investigate the flow over clear over fall weir with one bottom
circular opening. They tested weir models with different
heights and different opening diameters. Multiple regression
equations based on energy principal and dimensional analysis
theory were developed for computing the discharge over clear
over fall weir with a bottom opening.
Al-Suhili et al. [21] developed Artificial Neural Networks
(ANN) models to express the discharge coefficient for a weir
with three rectangular bottom openings as a function of differ-
ent geometrical and flow variables. They used different open-
ings dimensions and all the openings height measured from
the bed. They concluded that the width of opening has the
major effect on Cd than the opening height.
Some researchers tested one opening with different diame-
ters. Few researchers tested more than one opening but with
fixed diameters. The main objective of this research was to
investigate weirs with different openings numbers, diameters
and locations to conclude the best decision for increasing the
discharge D.S. the weir (using one opening (which maybe
already exist and may be only widened) or two or three open-
ings is a better choice, also, the best openings locations). Also,
it investigates the influence of using weir with more than one Elevation
2 cm
1:2
D
Z e
the tested models.
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Table 1 Models’ dimensions.
Group 1 (opening area = 5 cm2,
e= 1.45 cm)
Group 2 (opening area = 5 cm2,
e= 2.45 cm)
Group 3 (opening area = 1.9 cm2,
e= 1.45 cm)
Group 4 (opening area = 1.9 cm2,
e= 2.45 cm)
1D= 2.5 cm, D/Z= 12.5 1D= 2.5 cm, D/Z= 2.08 1D= 1.5 cm, D/Z= 2.14 1D= 1.5 cm, D/Z= 0.88
2D= 1.8 cm, D/Z= 3.3 2D= 1.8 cm, D/Z= 1.16 2D= 1.1 cm, D/Z= 1.2 2D= 1.1 cm, D/Z= 0.58
3D= 1.5 cm, D/Z= 2 3D= 1.5 cm, D/Z= 0.86 3D= 0.9 cm, D/Z= 0.9 3D= 0.9 cm, D/Z= 0.45
Figure 3 Comparison of water surface profile for weirs of
Group 1.
Figure 4 Effect of changing (D/Z) on water surface profile for
weirs have same diameter.
Figure 5 Effect of changing opening diameter (D) on water
surface profile for weirs almost have same (D/Z).
Figure 6 Comparison of (Cd) values for Group 1.
Hydraulic characteristics of flow over weirs with circular openings 3circular opening on the hydraulic jump and velocity distribu-
tion downstream it.
2. Theoretical approach
Fig. 1 shows a definition sketch for the combined flow over the
weir and through the opening. The flow rate over a weir can be
calculated using the following equation:
Qw ¼
2
3
B
ﬃﬃﬃﬃﬃ
2g
p
H
3
2 ð1ÞPlease cite this article in press as: Saad NY, Fattouh EM., Hydraulic characteristics o
org/10.1016/j.asej.2016.05.007where (Qw) is the theoretical discharge over the weir [L
3/T], (B)
is the effective weir length [L], (H) is the head over the weir
crest [L] and (g) is the acceleration due to gravity [L/T2].
To obtain the flow through the opening it would be consid-
ered the flow through a culvert. Bodhaine [22] studied the flow
profiles in box culverts. He found that the flow profile in cul-
verts is difficult to calculate because the flow control changes
as the culvert fills and there are six commonly occurring flow
types. Chanson [23] reported that when the flow through cul-
vert is flow type five then, in some cases, the inlet may act as
an orifice and the discharge through the slot is calculated using
the following equation:
Qo ¼ N
pD2
4
  ﬃﬃﬃﬃﬃ
2g
p
ðHþ P y hfÞ
1
2 ð2Þf flow over weirs with circular openings. Ain Shams Eng J (2016), http://dx.doi.
Figure 7 Comparison of (Cd) values for Group 2.
Figure 9 Comparison of (Cd) values for Group 4.
Figure 10 Relation between (Cd) and (H/P) for weirs with one
opening.
4 N.Y. Saad, E.M. Fattouhwhere (N) is number of the weir openings, (Qo) is the theoret-
ical discharge through opening [L3/T], (D) is diameter of the
pipe opening [L], (H) is the head over the weir crest [L], (y)
is the head of water downstream the pipe opening [L], (P) is
the weir height [L], (hf) is the friction loss through the pipe
opening [L], and the value of the friction loss is neglected
because of small length of the pipe.
The total theoretical discharge (Qth) is equal to the dis-
charge over the weir and through the opening, thus leads to
Eq. (3):
Qth ¼
ﬃﬃﬃﬃﬃ
2g
p 2
3
BH
3
2 þN pD
2
4
 
ðHþ P yÞ12
 
ð3Þ
and
Cd ¼ Q
Qth
ð4Þ
where (Q) is the measured discharge. By considering an overall
coefficient of discharge (Cd = Q/Qth) for the weir with open-
ing, the flow motion for the composite structure can also be
expressed by the following functional relationship which con-
tains the main variables related to the problem:
fðQ; H; P; B; D; Z; y1; yt; Lj; g; l; qÞ ¼ 0 ð5ÞFigure 8 Comparison of (Cd) values for Group 3.
Figure 11 Relation between (Cd) and (H/P) for weirs with two
openings.
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org/10.1016/j.asej.2016.05.007where (f) is the functional symbol, (Q) is the total measured
discharge [L3/T], (H) is the head over the weir crest [L], (P)
is the weir height [L], (B) is the weir width [L], (D) is the open-
ing diameter [L], (Z) is the vertical distance between the bed
and the beginning of the opening [L], (y1) is the initial depth
of the jump [L], (yt) is the tail water depth [L], (Lj) is length
of the submerged hydraulic jump [L], (g) is the accelerationf flow over weirs with circular openings. Ain Shams Eng J (2016), http://dx.doi.
Figure 12 Relation between (Cd) and (H/P) for weirs with three
openings.
Figure 13 Relation between the Lj/yt and Fn for Group 1.
Figure 14 Relation between the Lj/yt and Fn for Group 4.
Hydraulic characteristics of flow over weirs with circular openings 5due to gravity [L/T2], (l) is the water dynamic viscosity
[M L1 T1], and (q) is the water density [M/L3].
By using the dimensional analysis principles, and neglecting
Reynold’s number (Rn) since the viscous force is not significant
in this study, the following formula is obtained:
Lj
yt
¼ f H
P
;
D
Z
;Fn
 
ð6Þ
where (Fn) is the Froude number at the beginning of the jump.
3. Experimental setup
The experimental work of the present study was investigated in
a plexiglass, re-circulating, tilting flume of rectangular cross
section. The flume (as shown in Fig. 1) is 250 cm long, 15 cm
wide and 30 cm deep with an inlet part of 76 cm depth. The
flume has transparent walls which facilitate the direct observa-
tion of the flow. The water depths were measured by means of
a point gauge mounted on an instrument carrier with 1 mm
accuracy. The discharge was measured by a pre-calibrated
orifice meter.
The experiments were conducted using twelve models of
weirs with openings. All of them have the same height
(P= 6 cm), same top width (2 cm) and same downstream
slope (D.S.S. = 1:2). They are divided into four groups. Each
group nearly has the same openings area but with different
number of openings (one ‘‘1D", two ‘‘2D” or three openings
‘‘3D” as shown in Fig. 2). Table 1 illustrates the dimensions
of these models.
For each weir model, the experiments were conducted by
performing five discharge values from 1.2 l/s to 3.2 l/s. The tail
gate was fixed at a certain position (G= 5 cm, where (G) is the
tail gate height) to keep the flow in the downstream in the sub-
critical condition and the weir crest always submerged with
water. The downstream Froude No. (Fn) ranged from 0.28 to
0.65. In each run, the main variables are the discharge (Q),
the head upstream the weir (H), the head downstream the
opening (y), the initial depth of jump (y1), the tail water depth
yt and the length of jump (Lj).
The time averaged velocity distribution was measured by
using a calibrated propeller. Its head diameter is 3 mm with
an accuracy of 0.05%. The propeller was placed normal toPlease cite this article in press as: Saad NY, Fattouh EM., Hydraulic characteristics o
org/10.1016/j.asej.2016.05.007the flow and was used for measuring the velocity distribution
along the vertical sections of the flow. Velocity measurements
were conducted for five models with (Q) = 2.2 l/s. The velocity
profile was measured for two sections, just downstream the
weir and at a distance of 5 cm from the weir toe. For each sec-
tion velocity was measured from a datum located 0.5 cm from
the bed of the channel required for the blade size of the pro-
peller and then at every 0.5 cm upwards. The value of the
velocity was recorded every ten seconds. Three values were
recorded for each section then the average value was
calculated.
4. Results and analysis
4.1. Water surface profiles
The water surface profiles were measured for all the twelve
models at the same discharge (Q) = 2.2 l/s. Fig. 3 represents
the plotted water surface profiles for weirs of Group 1 (same
openings area and center line position (e) with different open-
ings numbers). It is shown that the weir with one opening (big-
ger D) has smallerH than the weirs with two or three openings.
The effect of changing the opening positions on the water sur-
face profile is presented in Fig. 4. It is shown that for the same
opening diameter increasing (D/Z) (which means decreasing
the distance (e)) leads to decrease the head (H) on the weir.
Fig. 5 is an example of comparing weirs of Group 2 and Groupf flow over weirs with circular openings. Ain Shams Eng J (2016), http://dx.doi.
Figure 16 Comparison of (Lj/yt) for weirs with one opening
(same openings and different D/Z).
6 N.Y. Saad, E.M. Fattouh3. The two weirs have the same number of openings with dif-
ferent diameters (D) and different position (e) which leads to
that both weirs have the same (D/Z) values. The weir with
the smaller diameter has the smaller (e) value. The figure illus-
trates that weir with the smaller openings diameters and smal-
ler (e) values has the same head on the weir as the weir with the
bigger opening diameters and bigger (e). That means the
increase in weir head H which may occur due to decreasing
the weir opening diameter may be diminished by increasing
(D/Z) values (i.e. decreasing the distance (e)).
4.2. Relation between coefficient of discharge (Cd) and relative
head ratio (H/P)
The coefficient of discharge (Cd) for different openings diame-
ters and corresponding discharges was calculated using Eq. (4)
and the corresponding measured discharge for each of the
weirs tested. Figs. 6–9 compare weirs with different openings
numbers but have the same openings area. It is shown that
weir with one opening has a bigger (Cd) than weirs with two
or three openings by about 4–9%. This may be due to that
one opening has the smallest perimeter than two or three open-
ings and this lead to the smallest friction loss. Also this result is
matching with water surface profile of Group 1 (Fig. 3) as at
the same discharge (Q) the weir with one opening has smaller
(H) than the other two weirs.
Figs. 10–12 show plots of the coefficient of discharge (Cd)
versus the ratio of relative head (H/P) for weir models with
one, two and three openings respectively.
Comparing weirs with the same opening numbers and
diameters (D) leads to that (Cd) increases as (D/Z) increases
by about 4–10%. That means it is better to allocate the open-
ings near the weir base than raising them upward as the head
on the weir decreases by increasing (D/Z). Moreover, weirs
with different opening diameters have the same opening num-
bers and (D/Z) values (Group 2&3) almost have the same (Cd)
values. That is because they have the same head (H) on them
(as shown in Fig. 5).
The value of (Cd) ranged between 0.50 and 0.68 during the
experimental measurements.
Data fit program was used to correlate the (Cd) with (H/P)
and (D/Z) values. The following equations were found to be
best fittings:Figure 15 Comparison of (Lj/yt) for weirs with three openings
(same openings and different D/Z).
Please cite this article in press as: Saad NY, Fattouh EM., Hydraulic characteristics o
org/10.1016/j.asej.2016.05.0071D opening
Cd ¼ 12:67 35:28=ðH=PÞ þ 41:14=ðH=PÞ2  23:2=ðH=PÞ3
þ 6:33=ðH=PÞ4  0:67=ðH=PÞ5  0:69ðD=ZÞ
þ 0:28ðD=ZÞ2  1:85ðD=ZÞ3 R2 ¼ 0:9 ð7Þ
2D openings
Cd ¼ 5:8þ 46:6ðH=PÞ  130:3ðH=PÞ2 þ 179ðH=PÞ3
 121ðH=PÞ4 þ 32:2ðH=PÞ5  0:67=ðD=ZÞ
þ 0:73=ðD=ZÞ2  0:24=ðD=ZÞ3 R2 ¼ 0:98 ð8Þ
3D openings
Cd ¼ 13:6þ 108:8ðH=PÞ  324ðH=PÞ2 þ 477:7ðH=PÞ3
 348:5ðH=PÞ4 þ 100:5ðH=PÞ5  0:89=ðD=ZÞ
þ 0:74=ðD=ZÞ2  0:18=ðD=ZÞ3 R2 ¼ 0:95 ð9ÞFigure 17 Velocity distribution for Q= 2.2 l/s just D.S. weir.
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Hydraulic characteristics of flow over weirs with circular openings 74.3. Relation between relative length of hydraulic jump (Lj/yt)
and Froude number (Fn)
This type of analysis was performed to investigate the impact
of the openings diameters as well as the openings relative
height (D/Z) on the jump characteristics D.S. the weir.
The submerged jump length was plotted for models with
the same openings area and head but with different openings
numbers as shown in Figs. 13 and 14. It was obvious that using
three openings gives the minimum jump length and two open-
ings give the maximum jump length. So it is preferable to have
an opening in the middle of the weir width (as models with one
opening or three openings) to dissipate the jump energy and
shorten it. It was found that the ratio (Lj/yt) for the weir with
three openings is decreased approximately by 12–16% com-
paring with the same ratio for the weir with one opening. This
is because the water jets which flow from the openings lead to
dissipate the energy from the flow over the weir and thus min-
imizing the length of the submerged hydraulic jump.
A comparison of jump lengths D.S. weirs which have open-
ings with the same diameter and different relative height (D/Z)
is shown in Figs. 15 and 16. It is obvious that decreasing (D/Z)
decreases jump length by about 17–30%. That means it is bet-
ter to raise the openings upward rather than allocate them near
the base as the openings jets dissipate the energy of the jump
rapidly.
4.4. Velocity distribution
The velocity distribution was measured along the longitudinal
section by the propeller. The velocity profiles, in the vertical
section, starts at a point located 0.5 cm from the bed of the
channel required for the propeller blades. Fig. 17 represents
a sample of the measured velocity distribution for (Q) =
2.2 l/s, for models with the same openings area (one opening
and three openings) The velocity profile just downstream the
weir shows two points of peak velocity. The first one is at
the front of the slot but higher than its center and the second
one is near the water surface.
It is obvious that for the same opening diameter as (D/Z)
decreased the maximum velocity near the bed tends to be lifted
upward (away from the bed). Also, for models with same
(D/Z) and same opening area but with different number of
openings (1D= 2.5 & 3D= 1.5); the maximum velocity nearFigure 18 Velocity distribution for Q= 2.2 l/s at 5 cm from the
weir toe.
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opening as the momentum of one big jet is more than that of
small three jets. Also, some vortices were noticed at bed for
model with one opening (1D= 2.5, D/Z= 12.5 and
1D= 1.5, D/Z= 2) which do not exist for models with three
openings. This may be due to that as the jet acts at the center
line only, the velocity along the channel width is much lower
than that at the center.
Fig. 18 represents the velocity distribution for the same
models at distance 5 cm from the weir toe. It is obvious that
the tendency of the flow downstream weirs to be uniform is
quicker for weirs with three openings than weirs with one
opening which match the result that the jump length is smaller
for weirs with three openings.
5. Conclusions
The flow from the weir with openings was studied experimen-
tally for different discharges, different openings diameters,
numbers, and height above bed. The following main conclu-
sions may be drawn:
 Comparing weirs with the same openings numbers and
diameters (D) concludes that (Cd) increases as (D/Z)
increases by about 4–10%. Moreover, weirs with different
openings diameters but have the same openings numbers
and (D/Z) values (Group 2&3) almost have the same (Cd)
values (i.e. 2D= 1.8, D/Z= 1.16 and 2D= 1.1, D/Z=
1.2). Also, a comparison of weirs with different openings
numbers but have same openings area shown that weir with
one opening has a bigger (Cd) than weirs with two or three
openings by about 4–9%.
 The value of (Cd) ranged between 0.50 and 0.68 during the
experimental measurements.
 Equations were developed to deduce the value of the coef-
ficient of discharge for the composite structure. The coeffi-
cient of discharge is found to be related to (H/P) and (D/Z)
values.
 It is preferable to have an opening in the middle of the weir
width (as models with one or three openings) to dissipate
the jump energy and shorten it. It is found that the ratio
(Lj/yt) for the weir with three openings is approximately
decreased by 12–16% compared with the same ratio for
the weir with one opening.
 The weirs with same openings numbers, diameters and dif-
ferent relative height (D/Z); the ratio (Lj/yt) is decreased
with decreasing (D/Z) value by about 17–30%.
 The velocity profiles for weirs with different openings num-
bers but have same openings area and same (D/Z) were
measured and compared. It is obvious that the weir with
three openings is preferable than the weir with one opening
as maximum velocity near the bed of the weir with three
openings is less than this with one opening. Moreover, the
tendency of the flow downstream weirs to be uniform is
quicker for weirs with three openings than weirs with one
opening. Also, some vortices were noticed at bed for model
with one opening which do not exist for models with three
openings. Moreover, comparing weirs with same openings
number and area but have different (D/Z) values concludes
that the weirs with smaller values of (D/Z) is preferable as
the maximum velocity near the bed tends to be lifted
upward (away from the bed).f flow over weirs with circular openings. Ain Shams Eng J (2016), http://dx.doi.
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